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Human Neuroblastoma Cell Lines as Models
for the In Vitro Study of Neoplastic and
Neuronal Cell Differentiation

by Elliot Abemayor* and Neil Sidellt

Neuroblastoma is a childhood solid tumor composed of primitive cells derived from precursors of the au-
tonomic nervous system. This neoplasm has the highest rate of spontaneous regression of all cancer types
and has been noted to undergo spontaneous and chemically induced differentiation into elements resembling
mature nervous tissue. As such, neuroblastoma has been a prime model system for the study of neuronal dif-
ferentiation and the process of cancer cell maturation. In this paper we review those agents that have been
described to induce the differentiation of neuroblastoma, with an emphasis on the effects and possible mechan-
isms of action of a group of related compounds, the retinoids. With this model system and the availability
of subclones that are both responsive and resistant to chemically induced differentiation, fundamental ques-
tions regarding the mechanisms and processes underlying cell maturation have become more amenable to
in vitro study.

Introduction
Neuroblastoma (NB) is a common childhood solid tumor

of the autonomic nervous system with a yearly incidence
of 8.7/1 million children. Stated differently, the disease
represents 7% of the total cases of childhood cancer diag-
nosed annually with the tumor developing in approxi-
mately one in 7000 children before the age of 5 years and
an average of 525 newly diagnosed cases in the U.S in any
given year (1). The most widely used clinical staging sys-
tem was devised on the basis of the size of the primary
tumor and the degree and sites of dissemination. Using
this scheme, it has been noted that the tumor has spread
beyond the organ of origin by the time it is first diagnosed
in up to 55% of patients, thereby seriously worsening their
prognosis (1). The histology of most NB includes a small
primitive cell component with a variable number of more
mature neural or ganglion cells (2). Although Beckwith
and Martin (3) reported that more differentiated ne-
oplasms were less aggressive, other investigators (4,5)
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have not found that a simple relationship exists between
the degree of cell differentiation and clinical prognosis.
Given the degree of widespread disease in NB and the
poor response to conventional therapies, more novel ap-
proaches to treatment have been sought.
In 1927, Cushing and Wolbach (6) first reported the sin-

gular phenomenon of spontaneous differentiation of NB
to a benign ganglioneuroma. More detailed analysis of
cases exhibiting spontaneous tumor regression shows that
this phenomenon occurs with minimal or no therapy in a
subgroup of infants designated as having stage II or IVS
disease (7). Surprisingly, disease regression may be seen
with or without maturation of tumor elements and pro-
gression may occur despite the presence of large areas of
histological maturation in the specimen (8). Of interest is
the fact that stage IVS patients, with metastases in the
liver, skin, and bone marrow, have almost a 70% survival
rate with minimal therapy (2,8). These observations, that
a small proportion of tumors cease proliferating and even
undergo spontaneous maturation, prompted interest in
the study ofNB as a model for the general process of tu-
mor cell differentiation, as well as neuronal development.
This paper will review some of the current data avail-

able on the in vitro differentiation of human neuro-
blastoma cell lines. The usefulness of these cell lines for
the general study of questions related to differentiation
will be examined. In addition, we will propose several
novel mechanisms of action for various agents used to in-
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duce in vitro differentiation, in particular, new develop-
ments from the authors' laboratory concerning retinoid
compounds will be given special emphasis. Where the
mechanism(s) of action in neuroblastoma has not been in-
vestigated, work from other cultured cell systems will be
presented. No attempt will be made to review the entire
field of neuronal differentiation nor of the differentiation
of cell lines derived from nonhuman species, as this has
recently been discussed (9,10). For an in-depth compila-
tion of well-characterized human NB cell lines, see the re-
view by Bottenstein (9). More recently characterized cell
lines will be discussed under the pertinent sections deal-
ing with agent-induced differentiation (vide infra).

Development and Differentiation of
Human Neuroblastoma Cell Lines
Addressing fundamental questions concerning the cel-

lular and molecular events controlling neural differenti-
ation have been hampered by the lack of normal diploid,
continuously dividing neuroblasts or their precursors.
This factor has led to the use of cell lines derived from
spontaneously arising tumors as sources of neuronal-like
cells in various stages of development. Sundry cell lines
have been developed that exhibit numerous characteris-
tics of primitive and differentiated neurons and, despite
their aneuploidy and obscure pedigree, have proven use-
ful in the study of neural development. Whereas most mu-
rine neuroblastoma cell lines wvere derived from a single
aneuploid tumor (9), many human neuroblastoma cell lines
have been generated from a variety of peripheral nervous
system neoplasms. Current evidence suggests that these
tumors arise from cells containing characteristics of au-
tonomic, adrenergic, or cholinergic neuroblasts (2). That
these tumors are composed of a heterogenous cell popu-
lation is demonstrable by studying cell-surface antigens
(11), catecholamine metabolites (12), and neurotrans-
mitter-synthesizing enzymes (13). This heterogeneity has
been further appreciated by studying subclones within es-
tablished cell lines (2,13). Such dissimilarity within seem-
ingly uniform tumors has major implications for therapeu-
tic interventions as well as basic in vitro studies.
In investigating the process of differentiation, the first

question that needs to be addressed is how does one best
assess the process. The most commonly measured charc-
teristic of differentiation has been neurite extension. A
neurite is defined as a process whose length equals or
exceeds the cell body diameter (9). These processes are
akin to the axons and dendrites of fully differentiated neu-
rons and can appear hours to days after the induction of
the putative differentiated state (Fig. 1). Unfortunately,
unlike the situation in some other cell systems, suitable
criteria for determining very early stages of cell differen-
tiation are lacking in NB. For example, differentiation of
the HL-60 promyelocytic leukemic cell line is most eas-
ily appraised by monitoring the cells' ability to reduce
nitroblue tetrazolium, a property that is acquired prior
to any obvious morphologic alterations; this permits rapid
monitoring of the differentiated state (14). In NB, such

convenient early markers have not been defined, thus
hampering detection of the initial stages of commitment
to a differentiated phenotype and forcing investigators to
rely either on morphologic changes alone or on biochem-
ical modulations (eg., neurotransmitter synthesis) that ac-
company rather than control differentiation. However, re-
cent developments in the detection of various oncogenes
in human NB cells now present the possibility of study-
ing the regulation of genes that are directly involved in
early stages of the differentiation process (see "On-
cogenes").
Both in tivo and in vitro NB cells, as derivatives of neu-

ral crest origin, are known to have the capacity to express
multiple phenotypes, including neuronal, neurilemmal
(Schwann), and melanocytic characteristics (15-24). This
heterogeneity is observed despite the fact that the cells
are presumably derived from common neuroblast progen-
itor cells (23). A compelling body of evidence has been pre-
sented by Biedler and her associates (15-17,20,22) that as-
sists in clarifying the nature of this tumor cell mixture
with the potential for coordinate biochemical and morpho-
logic interconversion. This work has been extended in a
recent study (23) where the in vitro differentiation of five
human NB cell lines treated with cAMP and RA was ex-
amined. Three overall morphologic phenotypes were ob-
served: neuronal, characterized by cell processes and neu-
rosecretory granules; flat, nonpigmented cells displaying
the characteristics of Schwann cells; and flat, pigmented
cells displaying the characteristics of melanocytes. Simi-
larly, it has been shown that two neuroblastoma variants
derived from a common precursor cell can have dramati-
cally different responses to a single differentiating agent
(24), with one undergoing neuronal-like differentiation and
the other transformed into large, flattened Schwannlike
cells. Whereas it is currently unknown which genetic and
epigenetic controls determine the particular path and
characteristics chosen on assuming the differentiated
state, these investigations emphasize the fact that neuro-
blastoma cells represent an early stage in neuronal devel-
opment where the cells are pluripotent, and retain the ca-
pabilities for expressing multiple neural crest-derived
phenotypes. This knowledge makes clear the potential
risks in evaluating agents that induce differentiation if one
only assesses neuronal maturation and ignores the pos-
sibility that the cell may be committed to a Schwann cell
or melanocytic pathway.

Oncogenes
Recent progress in the understanding of cancer has fo-

cused on the role of cellular genes, termed "protoon-
cogenes" or oncogenes, that can induce tumor growth in
humans. The principal ways by which oncogenic activa-
tion takes place are point mutations, chromosomal activa-
tion and oncogene amplification (25-27). Sporadic amplifi-
cations of the oncogene c-myc were first noted in the
promyelocytic cell line HL-60 (28) and in colon carcinoma
cells containing double minute chromatin bodies (DMs)
and long, nonbanding homogeneously staining regions of
chromosomes (HSRs) (29). These findings prompted a
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FIGURE 1. Differentiation of human neuroblastoma cells by retinoic acid. (A) Solvent-treated control culture of LA-N-5 human neuroblastoma cells.

Very few neurites have extended from these loose aggregates of cells. (B) Scanning electron micrograph of 16-day retinoic acid-treated LA-N-5

cells showing the bundling patterns of individual nerve fibers, x 8000. (C) Cells cultured in the presence of 3 x 10- 6 M retinoic acid for 16 days.
Dense cellular aggregates have formed and many neurites have grouped to form thick fascicles, x 250.
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search for nonsporadic amplifications in NB, as DMs and
HSRs have both been described in primary NB tumors
and cultured cell lines (30,31). This exploration resulted
in the discovery of multiple copies of a gene with partial
homology to the c-myc oncogene localized by in situ
hybridization techniques to the DMs and HSRs of NB
cells (27). The expression of this gene, called N-myc, has
been detected in only a small number of cancer cell types
including NB, retinoblastoma (32), small-cell lung carci-
nomas (33), and embryonal carcinoma cell lines (34). In ad-
dition, appreciable N-myc mRNA elevation has been
shown in fetal neural cells with a reduced expression oc-
curring during cellular differentiation (35).
Unlike the ras oncogenes, no mutations are required for

N-myc activation, thus focusing attention on quantitative
differences in expression between tumor and normal cells
(26,27). Several lines of evidence suggest that N-myc
amplification and expression are related to the malignant
potential ofNB tumors and to cell growth in 'vitro. Ampli-
fication is correlated with advanced pathologic staging of
the disease, a predominance of undifferentiated tumor
histology, and an enhanced capacity for the cells to form
continously growing cell lines (36-38). There is also a posi-
tive correlation between genomic amplification and tumor
progression that is independent of the extent of initial dis-
ease (36-38). The amplified N-myc copy number is con-
sistent within a tumor, at different tumor sites, and at dif-
ferent times during the course of the patient's disease
(38). In addition, the majority ofNB cell lines contain am-
plified copies of N-myc, although a few, e.g., the SK-N-SH
line, do not. The latter line contains a mutationally acti-
vated dominant gene, N-ras, which is not specific for NB
and is found amplified in some other tumors (39,40). The
role of N-myc as a protooncogene capable of inflicting cell
transformation without the need to cooperate with other
oncogenes has been demonstrated by Small et al. (41) who
have shown that it can act alone to elicit neoplastic growth

of an established line of rat fibroblasts. Since the primary
function of the myc protein itself is not known, it remains
unclear as to how elevations in N-myc expression enhance
tumor cell transformation and growth.

It has been shown in several NB cell lines that differen-
tiation results in a reduction in cellular N-myc mRNA
content with no change in genome amplification (42,43).
In the NB cell line SMS-KCNR, decreased N-myc expres-
sion was detected within 6 hr of treatment with retinoic
acid (RA) and preceded both cell-cycle changes and
morphological differentiation (43). This down-regulation
of N-myc expression could result from decreased tran-
scription or from changes in the turnover of mRNA; a
choice between these alternatives in NB is currently not
possible. However, in teratocarcinoma cells, treatment
with retinoic acid results in a 50% reduction in the level
of c-myc mRNA within 3 hr after treatment (44) possibly
as a result of posttranscriptional regulation mechanisms
affecting the short half-life of the c-myc transcript (45).
Recently, rabbit antisera has been produced that specifi-
cally recognizes a 62 to 64 kD fragment of the N-myc pro-
tein product (46). As seen in Figure 2, nuclei of untreated
LA-N-5 neuroblastoma cells stongly react with the anti-
N-myc sera while those of RA-treated LA-N-5 cells show
little, if any, reactivity. Using this antisera, we have ob-
served reduced staining of LA-N-5 cells after only 4 to 6
hr treatment with RA, which is consistent with similar
rapid decreases in N-myc mRNA. These results demon-
strate that expression of oncogenes in NB can be modi-
fied by differentiating agents and oncogene regulation can
occur prior to morphological modifications.
The recent work by Thiele et al. (47), as well as the work

in our laboratory (48) has permitted detection of tran-
scripts of a variety of other well-characterized oncogenes.
As seen in Table 1, the majority of those oncogenes de-
tected show altered expression during RA-induced
differentiation. Some of these (N-myc, c-myb, H-ras, c-erb)

A B
FIGURE 2. Immunoperoxidase staining of LA-N-5 neuroblastoma cells with antibody against the N-myc protein product. Cells were grown in the

absence (A) or presence (B) of retinoic acid (2 x 10 - 6M) for 3 days, then prepared and stained according to the method of Slamon et al. (46). Cells
were not counterstained; therefore, all staining was due to the reaction between the primary antiserum and N-myc proteins.
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Table 1. Effects of retinoic acid-induced different on oncogene
mRNA levels in human neuroblastoma cell lines.a

Oncogene mRNA level Time
N-myc 1 3 hrb, 2-4 daysc
c-myb 4 3 hr, 2-4 days
H-ras a 3 hr, 2-4 days

N-ras, K-ras NCd
c-fos t 48 hr, 8 days
cets-1 t 48 hr, 4 days
c-erb t4 0.25 hr, 4 days'
p53 1 48 hr, 6-7 days

c-myc, c-cis ND'
aSMS-KCNR and LA-N-5 cell lines were used in these studies. Data

for p53 are from Sidell and Koeffiler (48). All other results are from Thiele
and Israel (unpublished data).
bTreatment time to detect initial changes in mRNA levels.
cTreatment time for showing maximal changes in mRNA levels.
dNC, no change.
eInitial increase, then not detected at 4 days.
fND, not detected.

show changes that temporally precede any detectable
morphologic or biochemical changes and may therefore
play a primary role in the differentiation process. In sum-
mary, it appears that oncogenes play an important role in
the growth and malignant potential ofNB cells, and some
are regulated during differentiation. With the availabil-
ity of antisera to oncogene-encoded proteins (46), the
potential for monitoring early events associated with
differentiation and for determining the role of the proteins
in this process will become feasible.
Macara (49) has proposed that certain oncogenes may

be regulated by alterations in cellular ionic signals (e.g.,
Na, H, Ca), which in turn induce further changes in on-
cogene expression and cell replication and differentiation.
This coupling of changes in cellular ionic milieu with al-
terations in oncogenes and differentiation has been borne
out in some cell systems using various agents. Morgan
and Curran (50) described induction of the oncogene c-fos
in the pheochromocytoma cell line PC12 with agents that
affect voltage-dependent Ca channels. In the leukemic cell
line HL-60, and in murine erythroleukemia cells (MEL),
alterations in Na-H exchange, increases in voltage-
activated K current, and changes in intracellular Ca con-
centrations have been observed accompanying chemically
induced cell maturation (51-55). In murine NB cell lines,
the K ionophore valinomycin (55) and high levels of ex-
tracellular Ca (56) have been shown to cause neurite ex-
tension. Hence, although highly speculative at present, it
is plausible that induced differentiation in NB may in part
be triggered by perturbations in the ionic environment.
This possibility is more fully explored below in discuss-
ing the mechanism(s) of action of retinoids on NB.

Retinoic Acid and Derivatives
Retinoids are a class of natural and synthetic analogues

of retinol that have long been known to have potent effects
on cell proliferation and differentiation. In 1925, Wollbach
and Howe (57) noted that vitamin A deficiency in the rat
resulted in a failure of stem cells to properly differenti-
ate into mature epithelial cells accompanied by an abnor-

mal differentiation of the preexisting epithelial cells. Since
then, an extensive body of literature has grown document-
ing the in vtivo and in vitro effects of retinoids in suppress-
ing the development of the malignant phenotype (58-60).
These effects are visible after short-term culture with
nanomolar concentrations of retinoids. Since the physio-
logical serum concentration of vitamin A metabolites are
in the nanomolar range, and micromolar levels can be
achieved pharmacologically, these effects are of biologi-
cal significance.
As a group, human NB cell lines are extremely sensi-

tive to retinoic acid (RA)-induced growth inhibition and
phenotypic changes (24,61-63). However, despite an abun-
dance of work describing the morphologic changes in-
duced by RA in NB, there is a dearth of mechanistic de-
tail. Although RA can inhibit the growth, reduce colony
formation in soft agar, and induce morphologic differen-
tiation of a host of human neuroblastoma cell lines, a
neuronal-like differentiation effect is not universal. For ex-
ample, RA treatment of a subline of SK-N-SH does not
cause neurite extension, but instead yields large fibro-
blastic epithelial-like cells (24,62). This effect may in part
reflect the fact that this cell line contains some cells capa-
ble of expressing a melanocytic phenotype (22,23,64). In-
deed, the differentiation of neuroblastoma cells within a
single line need not always result in neurite sprouting
since many lines are composed of heterogenous cell ele-
ments with different phenotypic potential (21,22,65).
In order to first assess the potential clinical applications

and limitations of RA treatment ofNB in humans, a nude
mouse model system was established by the present
authors. First, we tested the effects of in vitro treatment
with RA on the tumorigenic potential of NB cells as
judged by measurement of gross tumor formation. As
shown in Figure 3, there was a marked reduction in the
number of tumors in mice injected with LA-N-5 cells that
had previously been treated in vitro with RA. In those
tumors that did develop, no major differences were noted
in the average size between the two groups nor in the
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FIGURE 3. Tumor development in nude mice after injection of in vitro-
treated LA-N-5 neuroblastoma cells in two separate experiments
(A,B). Cells (107) were injected (SC) after being cultured in the ab-
sence (0) or continuous presence (0) of 4 x 10- 6 M RA for 18 days.
Tumor development was recorded on the day that a nodule could first
be definitively detected (,- 3-5 mm diameter).
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histologic appearance of the tumors. The establishment
of tumors in some mice receiving RA-treated cells may
have resulted from the outgrowth of a subpopulation of
cells resistant to RA, a phenomenon that has previously
been described in vitro (65).
In a different series of experiments, long-term in vivo

treatment of mice with RA at doses achieving serum
levels of 1-2 x 10-6 M resulted in a reduction of the per-
centage of mice that developed tumors as compared to
solvent-treated controls (Fig. 4). In a similar vein, RA
treatment of mice with established neoplasms substan-
tially reduced the growth rate of the tumors (Fig. 5). In-
deed, while the tumors continued to progressively grow
over the entire treatment period in the control group,
there was little growth in tumor size in the RA-treated
group after the first 2 weeks of dosing. Histological ex-
amination of selected specimens by H & E and Bielschow-
sky staining revealed no major morphologic differences
in tumors obtained from the two treatment groups al-
though, as was expected from their slower growth rate,
a reduced number of mitotic figures was apparent in
tumors obtained from RA-treated animals. Thus, although
systemic administration of RA resulted in a plateauing of
tumor growth, there was no obvious morphologic differen-
tiation as evidenced by neurite formation similar to that
observed with in vitro-treated cells. This finding does not
exclude the possibility that other, more subtle changes are
occuring that are consistent with neuronal differentiation,
such as a reduction in N-myc gene expression (Fig. 2).
Thken together, these data indicate that RA has a signifi-
cant role in diminishing the malignant phenotype of in
vitro-treated NB tumors, or as a biological modifier once
the tumor has been implanted.

Cellular Retinoid-Binding Proteins
Because of its lipophilic nature, the transport of retinol

and RA requires specific binding proteins. Two of these
proteins, cellular retinol-binding protein (CRBP) and cel-
lular retinoic acid-binding protein (CRABP) are ubiqui-
tous, not tissue specific, and are located in the cytosol of
cells (60), although plasma membrane-bound CRABP has
also been described (66). By analogy to steroid hormones,
it has been proposed (67) that the retinoid binding pro-
teins translocate retinoids to the cell nucleus where they
exert an effect on chromatin and gene expression. Al-
though current evidence supports the view that retinoids
are capable of being transported to the nucleus via CRBP
and CRABP (67), direct evidence for the role of these pro-
teins in exclusively mediating the actions of retinoids is
lacking. For example, in embryonal carcinoma cell lines,
CRABP appears to be necessary but not sufficient for the
induction of differentiation (68,69). Matthaei et al. (70)
have reported that cells from several human embryonal
carcinoma lines possess high levels ofCRABP but fail to
undergo differentiation in the presence of RA. Con-
versely, in the HL-60 cell line no binding activity has been
detected, although the cells are very sensitive to differen-
tiation by RA (71).
Haussler et al. (72) have shown that there is a lack of
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FIGURE 4. Development of LA-N-5 tumors in in vivo-treated nude mice.
Four- to six-week-old nude mice were dosed daily with 0.1 mL of
4 x 10- 3M RA PO (in corn oil) (0) or solvent control (0) starting 5
days before injection (SC) of 107 LA-N-5 cells and continuing for 14
days after injection of the cells. The mice were examined twice weekly
for tumor development, which was recorded on the day that a palpa-
ble nodule could first be detected (\ 3-5 mm in diameter).
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FIGURE 5. Growth of established LA-N-5 tumors in in vivo-treated nude
mice. Mice were treated daily for 32 days with either 0.1 mL of 4 x
10- 3M RA PO (in corn oil) or solvent control after development of
roughly 1-cm diameter nodules. The tumors were measured once or
twice a week. The points represent the mean tumor volume (± SE)
measured in the control (0) (5 mice) and RA-treated groups (0) (6
mice).
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strict correlation between RA-induced anchorage-
dependent growth and CRABP levels in human NB cell
lines. Correspondingly, there is a variable relationship be-
tween retinol-induced cell differentiation and levels of as-
sayable CRBP activiy (73). In a further effort to ascertain
the role of these binding proteins in the mechanism of ac-
tion of retinoids, Jetten et al. (74) compared the biologi-
cal activity of several newly synthesized benzoic acid
derivatives with their binding capacity to CRABP.
Whereas some of the compounds exhibited high biologi-
cal activity, they did not bind to CRABP. From these and
other data, it appears unlikely that retinoid-induced cell
differentiation is brought about solely by the interactions
of the binding protein-retinoid complex with nuclear chro-
matin.

RA and Protein Kinase Activity
The role of protein phosphorylation in modulating cell

growth and differentiation has been actively investigated,
particularly with reference to changes in the cAMP-
dependent kinase system, the Ca-dependent protein kin-
ase C (PKC), and the oncogene-derived protein kinases
(75-77). Consequently, interest in the actions of RA on
these systems has grown.
Plet et al. (78) have shown that RA treatment of

differentiation-responsive embryonal carcinoma cells
caused an increase in the cytosolic and plasma membrane-
bound cAMP-dependent kinases with a preferential in-
crease in the RII regulatory subunit associated with the
membrane fraction. It should be noted, however, that
some investigators were unable to demonstrated changes
in cAMP-dependent protein kinase activity upon treating
embryonal carcinoma cells with RA (69).
Retinoid treatment has also been reported to enhance

protein kinase activity in HL-60 and melanoma cells
(79,80). In HL-60 cells and in the myeloblast cell line
RDFD, there is also a direct correlation between the de-
gree of cell differentiation and elevation in cAMP-
dependent protein kinase activity, as well as an increase
in the phosphorylation of various specific substrates of
this enzyme (81). Ib our knowledge, studies directly as-
saying changes in cAMP-dependent protein kinase in RA-
treated NB cell lines have not yet been reported. Given
the responsiveness of these lines to RA and cAMP and
the availibility of subclones that are relatively resistant
to these agents (65), it would be of interest to study the
role that this kinase system plays in the differentiation
phenomenon. From studies in other cell systems, it would
be fair to conclude that retinoids may exert some of their
effects in NB by modulation of cAMP-dependent protein
kinase activity or enzyme levels.
In addition to the cAMP-dependent kinase, the CA-

dependent PKC has been shown to be important in the
differentiation process. This membrane-bound kinase,
originally identifled in brain (82) is widely distributed in
cells, appears to be the target for the tumor promoting
phorbol esters, and is important in the control of signal
transduction and tumor differentiation (83). In myeloid
precursors, there is a stimulation of PKC enzyme activ-

ity and phosphorylation of its various substrates correlat-
ing with RA-induced differentiation (81) occurring prior
to the commitment of the cells to the myeloid pathway
(84). In contrast, embryonal carcinoma cells exhibit an in-
crease in PKC activity that accompanies but does not pre-
cede differentiation (85), suggesting that in the latter sys-
tem, these effects may be a consequence rather than a
cause of differentiation. In other tissues, depending on the
assay conditions, retinoids have been reported to have a
stimulatory and an inhibitory effect (86), solely an inhibi-
tory effect (87), or no effect at all (88) on the Ca-dependent
kinase system. These disparate observations preclude any
facile inferences as to how RA may act on PKC in NB and
whether this has any primary effect on NB differentia-
tion.

RA Effects on Ion Channels
Since changes in cation transport across the plasma

membrane have been implicated as controlling factors in
the regulation of cell growth and differentiation (vide
supra), we have been interested in the prospect that RA-
induced differentiation ofNB cells is partly triggered by
alteration of ion channel activity in the plasma membrane.
lt was first demonstrated that RA can alter membrane
ion-channel activity in mammalian cells by showing that
it blocks K channels in human lymphocytes and that this
activity can account for some of its immunomodulating ef-
fects (89,90). Because the K channels in these cells are un-
usual in that they are sensitive to both K channel blockers
and to some classical Ca channel blockers (91), we have
further investigated the specificity of RA blockage in
other cell types. As seen in Figure 6, RA blocks T-type
Ca channels in a mouse hybridoma cell line (92,93) but
does not affect the K channels in human neuroblastoma
cells (which are insensitive to Ca-channel blockers). Thus,
the effects of RA on human lymphocyte K channels may
in part be the result of an interaction with components
that are shared with Ca channels, as reflected in the sen-
sitivity of these K channels to blockage by Ca channel
blockers. In the mouse hybridoma cells, the dose-
dependent effects of RA on Ca channels correlate with
the ability of this compound to inhibit cell proliferation,

FIGURE 6. Retinoic acid reduces the inward Ca current in MHY206 mu-
rine hybtidoma cells. Using the whole-cell patch clamp technique (146),
currents were measured during a voltage pulse from a holding poten-
tial of -80mV to -20mV. The figure shows the Ca current through
T-type Ca channels (147) recorded before (control) or 5 min after 5 x
10- M RA had been added to the bath solution. The channel block
by RA was reversible such that after washout, the currents were very
close to control values (not shown).
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Table 2. Blockage of ion channels and biological action of retinoic acid on different cell types.

Channel type Dose (M) for 50% maximum effect
Cells studied Channel block Biological response'
T-lymphocytes (human) K 2.5 x 10 3 x 10-5
Natural killer (human) K 2.5 x 10i 5 x 10-5
206 (mouse B-cell hybridoma) Ca (T-type) 5 x 10-5 3 x 10-5
GH3 (rat pituitary cells) Ca (T-type) Nob No

Ca (L-type) No
LA-N-5 (human neuroblastoma) K No

Ca(??)c < 10-6 - 7

aEffect of RA on T-lymphocytes (89) and 206 cells (92) is antiproliferative at the doses shown; its effect on natural killer cells is to inhibit killing
(89); on LA-N-5 cells RA induces differentiation (62).
bl0-4 M RA was the highest concentration tested and showed no effects.
cThe exact ion selectivity and dose range for channel block have not yet been characterized.

suggesting that blockage of the channels contributes to
its antiproliferative activity (92). In contrast to the notion
that RA's effects on Ca channels are nonspecific is our un-
published observation that RA has no effect on Ca chan-
nels in the rat pituitary cell line GH3 (which contains both
T-type Ca channels like those in the hybridoma cells and
L-type Ca channels) (94) and does not inhibit the prolifer-
ation of these cells. Thus, the ability of RA to modulate
ion-channel activity, and perhaps to ultimately induce a
biological response, may in part be dependent not only
upon channel type but also on the presence of specific RA-
sensitive receptors or components that can influence
channel function. As seen in Table 2, preliminary experi-
ments suggest that RA can also block Ca currents in neu-
roblastoma cells, and at lower concentrations (< 10 - 6 M)
than seen in the other cells (1-5 x 10 -5 M). This parallels
the substantially greater sensitivity of neuroblastoma
cells to the biological action of RA.
Although it is difficult at this point to hypothesize how

blocking Ca channels by RA might contribute to the dif-
ferentiation of neuroblastoma cells, recently acquired
knowledge of the second messenger functions of Ca could
serve as a point of departure for future studies. For ex-
ample, PKC activity is regulated both by the amount of
activated C-kinase bound to the plasma membrane and by
the rate of Ca cycling across this membrane (77). Thus,
an RA-induced block of Ca influx through Ca channels
could theoretically lead to an inhibition of C-kinase activ-
ity with subsequent modification of a variety of cellular
process dependent on this phosphorylating enzyme. This
hypothesis is consistent with results in some other sys-
tems where RA has been shown to decrease C-kinase ac-
tivity (87) albeit not universally (86,88). Another possible
consequence of blocking Ca channels with RA that could
involve the phosphatidylinositol-mediated second mes-
senger system is inhibiting a membrane depolarization
that is necessary during cell growth (95). Clarification of
a general role for ion-channel modulation in the biologi-
cal action of RA will require future characterization and
correlation of these activities in a variety of cell systems.

Other Differentiating Agents
Nerve Growth Factor

If NB cells are considered to be the neoplastic counter-

parts of sympathetic neuroblasts, then nerve growth fac-
tor (NGF) would be regarded as a likely triggering agent
for differentiation (96,97). With little experimental data,
this rationale prompted an early clinical trial in children
with metastatic neuroblastoma where NGF was given to
promote tumor cell maturation and retard malignant
growth; disappointingly, the clinical course was not af-
fected (98).
In brief, NGF is a basic polypeptide dimer that binds

to cell surface receptors in a specific and saturable fash-
ion. It can be isolated from a variety of endocrine and ex-
ocrine sources, and the presence of NGF receptors has
been demonstrated in several, but not all, human NB lines
(96,97,99,100). Within hours following NGF treatment of
some sensitive NB cells there is an increase in amino acid
uptake, protein synthesis, and neurite extension (99,101).
For example, after 5 days of treating a cloned subline of
SK-N-SH designated by SY5Y, there is a 5-fold increase
in the rate of protein synthesis and extensive neurite out-
growth (101,102). These neurites are capable of firing ac-
tion potentials as judged by electrophysiologic and phar-
macologic criteria, whereas the undifferentiated
counterparts are not (103,104). In addition, the intracel-
lular stores of monoamines and levels of neuron-specific
enolase increase, with associated increases in plasma
membrane resting potentials (105). Some human NB cell
lines have also been reported to respond to NGF with an
accelerated rate of attachment to culture dishes (106). De-
spite these observations, responses to the effects ofNGF
in many NB lines can only be considered to be feeble at
best (i.e., minimal neurite outgrowth with sparse changes
in growth rate) (10,100).
From studies in other cell systems, it appears that

NGF's biological actions are not triggered exclusively by
interactions with the cell surface receptor. Indeed, it has
been shown that NGF or NGF and its internalized recep-
tor complex can interact with target cells at the level of
the cell membrane, cytoplasm, and nucleus, suggesting
that more than one type of receptor is involved in medi-
ating its actions (96). Consistent with this concept is the
observation that in the cultured pheochromocytoma cell
line PC12, which undergoes neuronlike differentiation,
NGF-stimulated neurite outgrowth requires both trans-
cription-dependent and independent pathways (107). As
suggested by Green and Shooter (96), it is possible that
transcription-dependent actions require internalization
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and interaction with nuclear receptors, whereas transcrip-
tion independent actions are triggered via cell-surface
receptors and second messengers.

Cyclic AMP (cAMP) is a putative second messenger for
a host of hormones and has been implicated as mediating
some of the actions of NGF. However, the evidence for
cAMP acting as the sole second messenger is conflicting
(96). From studies on PC12 lines using the adenylate cy-

clase activator forskolin and chemically modified cAMP
analogues, it appears that NGF can act through cAMP-
independent pathways and that cAMP activation of pro-

tein kinases is neither necessary nor sufficient for NGF-
induced neurite formation (108). It has also been hypothe-
sized that NGF might exert its effects by primary regu-
lation of ion fluxes. In this connection, Boonstra et al. (109)
have shown that within minutes of treating PC12 cells
with NGF, there is stimulation of an amiloride-sensitive
electroneutral Na influx system. However, prolonged in-
cubation of cells with amiloride failed to block NGF-
induced cellular differentiation. More recently it has been
shown that NGF induces electrical excitability in PC12
cells by augmentation of the membrane density of Na
channels, presumably by increasing the transcription of
Na channel genes (110,111). Although it could be specu-
lated that this action is a secondary effect of the differen-
tiation process, it has recently been shown that electrical
excitability can, by itself, influence neurite outgrowth
(112). As such, the causal relationship between NGF-
induced changes in ion fluxes and neuronal differentiation
remains to be elucidated.

Butyric Acid
The natural four-carbon fatty acid, butyric acid, has

been studied as an inducer of differentiation in several
systems. For example, butyric acid treatment has been
reported to increase the production of human gonadotro-
pin in HeLa and human lung carcinoma cells (113,114) and
human myelocytic leukemia cells cultured with this agent
have been shown to differentiate along the granulocytic
pathway (115). Prasad and co-workers (116,117) have
reported that butyrate at a concentration of 0.5 mM in-
duced both cell death and some neurite production in hu-
man NB cell lines, whereas it reversibly inhibited prolifer-
ation without causing differentiation in murine NB cells.
In a neural crest-derived human retinoblastoma cell line,
butyrate treatment has been reported to result in growth
inhibition as well as a flatter-appearing morphology (118).
The exact mechanism of action responsible for the effects
of Na butyrate are unknown, although it is thought to in-
volve a direct action on the cell genome. In HeLa cells,
butyrate treatment results in an increase in the acetyla-
tion of histones H3 and H4 through an inhibition of the
deacetylating enzyme. The consequence of an increase in
acetylated histones includes alterations in chromatin
structure and function (119). In murine NB cells,
butyrates affect the synthesis and turnover of histone Hi
subtypes with an enrichment of subfraction H10 (120).
The significance of this observation is underscored by
reports that the state of histone acetylation can be cor-

related with the transcriptional activity of certain genes
(121).

Polar-Planar Compounds
Low molecular weight polar-planar compunds such as

dimethyl sulfoxide (DMSO) and hexamethylene bisaceta-
mide (HMBA) constitute a class of agents that has been
reported to induce differentiation of various cell lines in
vitro, including NB (122). HMBA induces differentiation
in several leukemic lines, solid tumor lines, and some NB
cell lines (122-126). The addition of2% DMSO to cultures
of the human NB cell line LAN-1 and the murine cell line
C-1300 resulted in morphologic differentiation wihin 36 hr
following addition of the agent and was accompanied by
a marked inhibition of cell multiplication and colony
growth (127). Interestingly, prior in vitro treatment of the
murine cells with DMSO delayed but did not prevent tu-
mor formation in nude mice and did not significantly
change animal survival. Similarly, there was no significant
effect on tumor growth or animal survival if DMSO was
given in vivo following the induction of tumors. How these
agents act in inducing differentiation in NB is subject to
speculation. However, from work in other cell systems
there is compelling evidence to suggest that DMSO and
HMBA cause a significant decrease in the levels of inositol
triphosphate and diacylglycerol (DAG) within a short time
of addition to culture (128). Since DAG activates PKC
(129), this implies that the effects of DMSO and HMBA
may be brought about by perturbations in cell membrane
structure which in turn can inhibit PKC. Indeed, in leu-
kemic cell lines, DAG inhibits DMSO-induced differenti-
ation (130). However, inhibition of PKC alone cannot be
the sole initiator of differentiation since the phorbol
diester 12-0-tetradecancyl-phorbol-13-acetate, which ac-
tivates PKC (131), can also induce morphologic and bio-
chemical differentiation in some cells, including NB
(132-135). Further explorations in the actions of these
compounds on PKC activity in NB would be of great in-
terest.

Cyclic AMP System
The rapid modulation of cAMP levels makes this second

messenger a prime candidate for influencing cellular pro-
cesses involving maturation and differentiation. That
cAMP was involved in cell growth and differentiation be-
came clear beginning in 1971 when two simultaneous
reports of studies with cultured mammalian cells demon-
strated an effect of this substance on inducing phenotypic
maturation (136,137). Since then, substantial experimen-
tal evidence has been accumulated implicating alterations
in cyclic nucleotide regulatory mechanisms as being im-
portant in the process of differentiation (76). With some
human neuroblastoma cell lines, an increase in neurite ex-
tension and reduced growth rate can be demonstrated
when cAMP derivatives, agents that activate adenylate
cyclase or inhibit phosphodiesterase, are administered
singly or in combination (138,139). These observations,
along with dramatic phenotyic changes seen with murine
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neuroblastoma cells (138), have prompted limited appli-
cation of cAMP-elevating agents for the treatment of this
disease (140,141). In some reports, apparent beneficial
results were claimed as a result of promoting in vivo
maturation of cancer cells (140,141). However, these cases
lacked objective standards of evaluation and to date no
rigorous trials have been published.

Cyclic AMP is thought to affect changes in mammalian
cells through the activation of one or both cAMP-
dependent protein kinases (142). Two forms of the kinases,
referred to as type I and II, have been identified and are
composed of the same catalytic subunit with two differ-
ent regulatory subunits (RI and RII) (143). Activation of
the kinase system occurs when cAMP binds to the RI or
RII subunit with release of the catalytic subunit, result-
ing in the phosphorylation of various proteins (143). Omit-
ted from this highly simplified depiction are a host of in-
teractions between the cAMP system, other kinases, and
Ca (77). Although the role ofcAMP in regulating cell cyto-
solic pathways such as glycogenolysis have been well
described (77), the mechanisms underlying its effects on
cell differentiation remain obscure. Recent investigations
in cell lines other than NB have focused on interactions
between cAMP and oncogenes. Elevations in cAMP levels
in HL-60 result in rapid (3 hr) decreases in c-myc RNA
levels preceding detectable changes in proliferation and
differentiation (144,145). In the NB cell line SMS-KAN,
a significant decrease in N-myc expression has been ob-
served following maximal morphologic differentiation in-
duced by dibutyryl cAMP (43). Hence, cAMP may induce
differentiation through a kinase-mediated modulation of
oncogene expression.

Conclusion
As a malignant tumor of childhood, neuroblastoma has

proven to be fascinating from a biological as well as clini-
cal viewpoint. Several agents have been reported to in-
duce in vitro differentiation of NB into a variety of cells
sharing a neural-crest lineage. Treatment with retinoids
has been shown to inhibit in vitro cell proliferation and
retard tumor growth in nude mice, suggesting that these
agents may prove useful in the treatment of metastatic,
refractory disease.
The biochemical and ionic changes necessary for the in-

duction of differentiation in NB cells remains subject to
investigation. Aside from relying on morphologic altera-
tions, early markers of differentiation are being sought;
monitoring changes in oncogene products may serve such
a purpose. In so doing, the initial events triggering cell
maturation may be more amenable to study. In this con-
nection, modulation of ion channel function by a variety
of agents, which in turn can modulate gene expression,
promises to be a fruitful area to explore in NB. The study
of NB promises to open new vistas in the analysis of tu-
mor growth and differentiation and may provide clinicians
with potent chemotherapeutic agents capable of altering
the basic biology of neoplasms.

Portions of this work were supported by NIH grants CA43503 and
CA30515 and by grants from the UCLA Academic Senate and the Gold-
wyn Foundation. We thank Drs. C. Thiele and M. Israel for providing
us with unpublished data.

REFERENCES

1. Woods, W. G., and Tuchman, M. Neuroblastoma: The case for
screening infants in North America. Pediatrics 79: 869-873 (1987).

2. Seeger, R., Siegel, S. E., and Sidell, N. Neuroblastoma: Clinical
perspectives, monoclonal antibodies, and retinoic acid. Ann. Intern.
Med. 97: 873-884 (1982).

3. Beckwith, J. B., and Martin, R. F. Observations on the histopathol-
ogy of neuroblastomas. J. Pediatr. Surg. 3: 106-110 (1968).

4. Hughes, M. B., Marsden, H. B., and Palmer, M. R. Histologic pat-
terns of neuroblastoma related to prognosis and clinical staging.
Cancer 34: 1706-1711 (1974).

5. Berthold, F., Kaatsch, P., Evers, G., Harms, D., Jurgens, H.,
Nietharnmer, D., Ritter, J., Whlen, W, Trevner, J., and Lampert, E.
Intensive Kombinationscheme Therapie und a-interferon zur Be-
handlung von Kindern mit metastasiertem Neuroblastom: Studie
GPO-NB 79/82. Klin. Padiatr. 196: 143-149 (1984).

6. Cushing, H., and Wollbach, S B. The transformation of a malignant
paravertebral sympathicoblastoma into a benign ganglioneuroma.
Am. J. Pathol. 3: 203-215 (1927).

7. Evans, A. E., Gerson, J., and Schnanfer, L. Spontaneous regres-
sison of neuroblastoma. Natl. Cancer Inst. Monogr. 44:49-54 (1976).

8. Lopez-Ibor, B., and Schwartz, A. D. Neuroblastoma. Pediatr. Clin.
N. Am. 32: 755-788 (1985).

9. Bottenstein, J. E. Differentiated properties of neuronal cell lines.
In: Functionally Differentiated Cell Lines (G. H. Sato, Ed.), Alan
R. Liss, New York, 1981, pp. 155-184.

10. Perez-Polo, J. R. Neuroblastoma: Maturation and differentiation.
In: Transmembrane Potentials and Characteristics of Immune and
Tumor Cells (R. C. Niemtzow, Ed.), CRC Press, Boca Raton, FL,
1985, pp. 103-116.

11. Seeger, R. C., Danon, Y. L., Hoover, F., and Rayner, S. A. Defini-
tion of a Thy-1 determinant on human neuroblastoma, glioma, sar-
coma, and teratoma cells with a monoclonal antibody. J. Immunol.
128: 983-989 (1982).

12. Lang,W E., Siegel, S. E., Shaw, K. N. F., Landing, B., Baptisti, J.
and Mutenstein, M. Initial urinary catecholamine metabolite con-
centrations and prognosis in neuroblastoma. Pediatrics 62: 77-83
(1978).

13. Ross, R. H., Joh, T. H., Reis, D. J., Spengler, B. A., and Biedler,
J. L. Neurotransmitter-synthesizing enzymes in human neurob-
lastoma cells: Relationship to morphological diversity. In: Advances
in Neuroblastoma Research (A. E. Evans, Ed.), Raven Press, New
York, 1980, pp. 151-160.

14. Collins, R. C., Ruscetti, F. W, and Gallagher, R. E. Normal func-
tional characteristics of cultured human promyelocytic leukemia
cells (HL-60) after induction of differentiation by dimethyl sulfox-
ide. J. Exp. Med. 149: 969-974 (1979).

15. Ross, R. A., Spengler, B. A., and Biedler, J. L. Coordinate morpho-
logical and biochemical interconversion of human neuroblastoma
cells. JNCI 71: 741-747 (1983).

16. Biedler, J. L., Meyers, M. B., Ross, R. A., and Spengler, B. A.
Cytogenetic and biochemical correlates of morphologically diver-
gent cell types in human neuroblastoma cell lines. Am. J. Hum.
Genet. 33: 61A (1981).

17. Biedler, J. L., Helson, L., and Spengler, B. A. Morphology and
growth, tumorigenicity, and cytogenetics of human neuroblastoma
cells in continuous culture. Cancer Res. 33: 2643-2652 (1973).

18. Weston, J. A. The migration and differentiation of neural crest cells.
Adv. Morphog. 8: 41-114 (1970).

19. Tumilowicz, J. J., Nichols, W. W., Cholon, J. J., and Greene, A. E.
Definition of a continuous human cell line derived from neuro-
blastoma. Cancer Res 30: 2110-2118 (1970).

20. Biedler, J. L., Spengler, B. A., and Lyser, K. M. Morphological inter-
conversion of human neuroblastoma cells. In Vitro 10: 380 (Abstr.
140) (1975).

21. Bernal, S., Thompson, R., Gilbert, F., and Baylin, S. B. In vitro and
in vivo growth characteristics of two different cell populations in



DIFFERENTIATION OF NEUROBLASTOMA 13

an established line of human neuroblastoma. Cancer Res. 43:
1256-1260 (1983).

22. Ross, R. A., and Biedler, J. L. Presence and regulation of tyrosinase
activity in human neuroblastoma cell variants in vitro. Cancer Res.
45: 1628-1632 (1985).

23. Tsokos, M., Scarpa, S., Ross, R. A., and Triche, T. J. Differentia-
tion of human neuroblastoma recapitulates neural crest develop-
ment. Study of morphology, neurotransmitter enzymes, and ex-
tracellular matrix proteins. Am. J. Pathol. 128: 484-496 (1987).

24. Sidell, N., Sarafian, T., Kelly, M., Tsuchida, T., and Haussler, M.
Retinoic acid-induced differentiation of human neuroblastoma: A
cell variant system showing two distinct responses. Exp. Cell. Biol.
54: 287-300 (1986).

25. Bishop, J. M. Cellular oncogenes and retroviruses. Annu. Rev.
Biochem. 52: 301-354 (1983).

26. Alitalo, K., Koskinen, P., Makela, T., Saksela, K., Sistonen, L., and
Wimqvist, R. Myc oncogenes: Activation and amplification. Biochim.
Biophys. Acta 907: 1-32 (1987).

27. Cole, M. D. The myc oncogene: Its role in transformation and
differentiation. Annu. Rev. Genet. 20: 361-384 (1986).

28. Collins, S., and Groudine, M. Amplification of endogenous myc
related DNA sequences in human myeloid leukaemia cell line.
Nature 298: 679-681 (1982).

29. Alitalo, K., Schwab, M., Lin, C. C., Varmus, H. E., and Bishop, J. M.
Homogenously staining chromosomal regions contain amplified co-
pies of an abundantly expressed cellular oncogene (c-myc) in malig-
nant neuroendocrine cells from a human colon carcinoma. Proc.
Natl. Acad. Sci. (U.S.) 80: 1707-1711 (1983).

30. Brodeur, G. M., Green, A. A., Hayes, F. A., Williams, K. J., Wil-
liams, D. L., and Thiatis, A. A. Cytogenetic features of human neu-
roblastomas and cell lines. Cancer Res. 41: 4678-4686 (1981).

31. Balaban, G., and Gilbert, F. Homogeneously staining regions in di-
rect preparations from human neuroblastomas. Cancer Res. 42:
1838-1842 (1982).

32. Lee,W H., Murphree, A. L., and Benedict, W F. Expression and
amplification of the N-myc gene in primary retinoblastoma. Nature
309: 458-460 (1984).

33. Nau, M. M., Burke, B J., Carney, D. N., Gazdar, A. F., Battey, J. F.,
Sansville, E. A., and Minna, J. D. Human small-cell lung cancers
show amplification and expression of the N-myc gene. Proc. Natl.
Acad. Sci. (U.S.) 83: 1092-1096 (1986).

34. Sejersen, T., Bjorklund, H., Sumegi, J., and Ringertz, N.R. N-myc
and c-src genes are differentially regulated in PCC7 embryonal car-
cinoma cells undergoing neuronal differentiation. J. Cell Physiol.
127: 274-280 (1986).

35. Grade, E. F., Schwab, M., and Rosenau, W Expression of N-myc
and c-src during the development of fetal human brain. Cancer Res.
47: 2931-2936 (1987).

36. Brodeur, G., Seeger, C., Schwab, M., Varmus, H. E., and Bishop,
J. M. Amplification of N-myc in untreated human neuroblastomas
correlates with advanced disease state. Science 224: 1121-1124
(1984).

37. Seeger, R. C., Brodeur, G. M., Sather, H., Dalton, A., Siegel, S. E.,
Wong, K. Y., and Hammond, D. Association of multiple copies of
the N-myc oncogene with rapid progression of neuroblastomas.
N. Engl. J. Med. 313: 1111-1146 (1985).

38. Brodeur, G. M., Hayes, F. A., Green, A. A., Casper, J. T., Wasson, J.,
Wallach, S., and Seeger, R.C. Consistent N-myc copy number in
simultaneous or consecutive neuroblastoma samples from sixty in-
dividual patients. Cancer Res. 47: 4248-4253 (1987).

39. Shimizo, K., Goldfarb, M., Perucho, M., and Wigler, M. Isolation and
preliminary characterization of the transforming gene of a human
neuroblastoma cell line. Proc. Natl. Acad. Sci. (U.S.) 80: 383-387
(1983).

40. Taparowski, E., Shimizu, K., Goldfarb, M., and Wigler, M. Struc-
ture and activation of the human N-ras gene. Cell 34: 581-586 (1983).

41. Small, M. B, Hay, N., Schwab, M., and Bishop, M. Neoplastic trans-
formation by the human gene N-myc. Mol. Cell Biol. 7: 1638-1645
(1987).

42. Amatruda, T. T., Sidell, N., Ranyard, J., and Koeffler, H. P. Retinoic
acid treatment of human neuroblastoma cells is associated with
decreased N-myc expression. Biochem. Biophys. Res. Comm. 126:
1189-1195 (1985).

43. Thiele, C. J., Reynolds, C. P., and Israel, M. A. Decreased expres-
sion of N-myc precedes retinoic acid-induced morphological
differentiation of human neuroblastoma. Nature 313: 404-406
(1985).

44. Griep, A. E., and Deluca, H. F. Decreased c-myc expression is an
early event in retinoic acid-induced differentiation of F9 teratocar-
cinoma cells. Proc. Natl. Acad. Sci. (U.S.) 83: 5539-5543 (1986).

45. Doty, C., Kessel, M., and Gruss, P. Post-transcriptional control of
myc and p53 expression during differentiation of the embryonal car-
cinoma cell line F9. Nature 317: 636-639 (1985).

46. Slamon. D. J., Boone, T. C., Seeger, R. C., Keith, D. E., Chazin, V.,
Lee, H. C., and Souza, L. M. Identification and characterization of
the protein encoded by the human N-myc oncogene. Science 232:
768-772 (1986).

47. Thiele, C., Cohen, P. S., and Israel, M. A. Regulation of c-myb ex-
pression in human neuroblastoma cells during retinoic acid-induced
differentiation. Mol. Cell Biol. 8: 1677-1683 (1988).

48. Sidell, N., and Koeffler, H. P Modulation of p53 protein with in-
duction of differentiation of human neuroblastoma cells. Cancer Res.
48: 2226-223 (1988).

49. Macara, I. G. Oncogenes, ions, and phospholipids. Am. J. Physiol.
248: C3-C11 (1985).

50. Morgan, J. I., and Curran, T. Role of ion flux in the control of c-fos
expression. Nature 322: 552-555 (1986).

51. Wieland, S. J., Chou, R. H., and Chen, T. A. Elevation of a potas-
sium current in differentiating human leukemic (HL-60) cells. J.
Cell. Physiol. 132: 371-375 (1987).

52. Lannigan, D. A., Knauf, P. A., and Macara, I. G. Relationship of
the decreases in protein synthesis and intracellular Na + during
Friend murine erythroleukemic cell differentiation. J. Biol. Chem.
31: 1430-1436 (1986).

53. Costa-Casnellie, M. R., Segel, G. B., Cragoe, E. J. Jr., and Licht-
man, M. A. Characterization of the Na+/H + exchanger during
maturation of HL-60 cells induced by dimethyl sulfoxide. J. Biol.
Chem. 262: 9093-9097 (1987).

54. Okazaki, T., Mochizuki, T., Tashima, M., Sawada, H., and Uchino, H.
Role of intracellular calcium ion in human promyelocyt leukemia
HL-60 cell differentiation. Cancer Res. 46: 6059-6063 (1986).

55. Koike, T. Neurite formation and membrane changes of mouse neu-
roblastoma cells induced by valinomycin. Biochim. Biophys. Acta
509: 429-439 (1978).

56. Reboulleau, C. P Extracellular calcium-induced neuroblastoma cell
differentiation: Involvement of phosphoatidylinositol turnover. J.
Neurochem. 46: 920-930 (1986).

57. Wollbach, S. B., and Howe, P. R. Tissue changes following depri-
vation of fat soluble A vitamin. J. Exp. Med. 42: 753-777 (1925).

58. Lotan, R. Effects of vitamin A and its analogs (retinoids) on nor-
mal and neoplastic cells. Biochim. Biophys. Acta 605: 33-91 (1980).

59. Sporn, M. B., and Roberts, A. B. Role of retinoids in differentia-
tion and carcinogenesis. Cancer Res. 43: 3034-3039 (1983).

60. Sherman, M. I. Retinoids and cell differentiation. CRC Press, Boca
Raton, FL, 1986.

61. Sidell, N. Retinoic acid-induced growth inhibition and morphologic
differentiation of human neuroblastoma cells in vitro. JNCI 68:
589-596 (1982).

62. Sidell, N., Altman, A., Haussler, M., and Seeger, R. C. Effects of
retinoic acid (RA) on the growth and phenotypic expression of
several human neuroblastoma cell lines. Exp. Cell Res. 148: 21-30
(1983).

63. Sidell, N., and Horn, R. Properties of human neuroblastoma cells
following induction by retinoic acid. Adv. Neuroblast. Res. 39-53
(1985).

64. Sadee, W., Yu, V. C., Richards, M. L., Preis, P. N., Schwab, M. R.,
Brodsksy, F. M., and Biedler, J. L. Expression of neurotransmit-
ter receptors and myc protooncogenes in subclones of a human neu-
roblastoma cell line. Cancer Res. 47: 5207-5212 (1987).

65. Kelly, M. A., Sidell, N., and Haussler, M. R. Saturation analysis of
cellular retinoid binding proteins: Application to retinoic acid resis-
tant human neuroblastoma cells and to human tumors. Biochem.
Cell. Biol. 65: 163-172 (1987).

66. Cope, F. O., Howard, B. D., and Boutwell, R. K. The in vitro charac-
terization of the inhibition of mouse brain kinase-c by retinoids and
their receptors. Experientia 42: 1023-1027 (1986).



14 ABEMAYOR AND SIDELL

67. Chytil, F., and Ong, D. E. Cellular retinol- and retinoic acid-binding
proteins. Adv. Nutr. Res. 5: 13-29 (1983).

68. McCue, P. A., Matthaei, K. I., Taketo, M., and Sherman, M. I.
Differentiation-defective mutants of mouse embryonal carcinoma
cells: Response to hexamethylenebisacetamide and retinoic acid.
Dev. Biol. 96: 416-426 (1983).

69. Wang, S.-Y., and Gudas, L. J. Selection and characterization of F9
teratocarcinoma stem, cell mutants with altered responses to
retinoic acid. J. Biol. Chem. 259: 5899-5906 (1984).

70. Matthaei, K. I., Andrews, P. W., and Bronsen, D. L. Retinoic acid
fails to induce differentiation in human teratocarcinoma cell lines
that express high levels of a cellular receptor protein. Exp. Cell Res.
143: 471-474 (1983).

71. Libby, P. R., and Bertram, J. S. Lack of intracellular retinoid-
binding proteins in a retinol-sensitive cell line. Carcinogenesis 3:
401-484 (1982).

72. Haussler, M., Sidell, N., Kelly, M., Donaldson, C., Altman, D., and
Mangelsdorf, D. Specific high-affinity binding and biologic action
of retinoic acid in human neuroblastoma cell lines. Proc. Natl. Acad.
Sci. (U.S.) 80: 5325-5329 (1983).

73. Haussler, M. R., Donaldson, C. A., Kelly, M. A., Mangelsdorf, D. J.,
Bowden, G. T., Meinke, W. J., Meyskens, F. L., and Sidell, N.
Identification and quantitation of intracellular retinol and retinoic
acid binding proteins in cultured cells. Biochim. Biophys. Acta 803:
54-62 (1984).

74. Jetten, A. M., Anderson, K, Deas, M. A., Kagechika, H., Lotan, R.,
Rearick, J. I., and Shudo, K. New benzoic acid derivatives with reti-
noid activity: Lack of direct correlation between biologic activity
and binding to cellular retinoic acid binding protein. Cancer Res.
47: 3523-3527 (1987).

75. Friedman, D. L. Role of cyclic nucleotides in cell growth and
differentiation. Physiol. Rev. 56: 652-708 (1976).

76. Gottesman, M. M., and Fleischmann, R. D. The role of cAMP in
regulating tumour cell growth. Cancer Surv. 5: 291-308 (1986).

77. Rasmussen, H. The calcium messenger system (parts I and II). N.
Engl. J. Med. 314: 1094-1101, 1164-1170 (1986).

78. Plet A., Evain, D., and Anderson, W. B Effect of retinoic acid treat-
ment of F4 embryonal carcinoma cells on the activity and distri-
bution of cyclic AMP-dependent protein kinase- J. Biol. Chem. 257:
889-893 (1982).

79. Olsson, I. L., Brietman, T. R., and Gallo, R. C. Priming of human
myeloid leukemic cell lines and HL-60 and U-937 with retinoic acid
for differentiation effects of cyclic adenosine 3':5'-monophos-
phate-inducing agents and a T-lymphocyte-derived differentiation
factor. Cancer Res. 42: 3928-3933 (1982).

80. Ludwig, K. W., Lowey, B., and Niles, R. M. Retinoic acid increases
cyclic AMP-dependent protein kinase activity in murine melanoma
cells. J. Biol. Chem. 255: 5999-6002 (1980).

81. Fontana, J. A., Reppucci, A., Durham, J. P., and Miranda, D. Corre-
lation between the induction of leukemic cell differentiation by var-
ious retinoids and modulation of protein kinases. Cancer Res. 46:
2468-3473 (1986).

82. Takai, Y, Kishimoto, A., Inoue, M., and Nishizuka, Y Studies on
a cyclic nucleotide-independent protein kinase and its proenzyme
in mammalian tissues. J. Biol. Chem. 252: 7603-7609 (1977).

83. Nishizuka, Y. Studies and perspectives of protein kinase c. Science
233: 305-312 (1986).

84. Durham, J. P., Emler, C. A., Butcher, F. R., and Fontana, J. A. Cal-
cium-activated, phospholipid-dependent protein kinase activity and
protein phosphorylation in HL60 cells induced to differentiate by
retinoic acid. FEBS 185: 157-161 (1985).

85. Kraft, A. S., and Anderson, W B. Characterization of cytosolic
calcium-activated phospholipid-dependent protein kinase activity
in embryonal carcinoma cells. J. Biol. Chem. 258: 9178-9183 (1983).

86. Kumar, R., and Holian, 0. Retinoid effect on calcium,
phospholipid-dependent protein kinase from mouse skin. J. Invest.
Dermatol. 86: 316-320 (1986).

87. Cope, F. 0. The in vivo inhibition of mouse brain protein kinase-c
by retinoic acid. Cancer Lett. 30: 275-288 (1986).

88. Jetten A. M., and Shirley, J. E. Action of retinoic acid on the
diacylglycerol-induced ornithine decarboxylase activity, reduction
in EGF binding and protein kinase c activation in rat tracheal
epithelial 2C5 cells. Exp. Cell Res. 166: 519-525 (1986).

89. Sidell, N., and Schlichter, L. Retinoic acid blocks potassium chan-
nels in human lymphocytes. Biochem. Biophys. Res. Comm. 138:
560-567 (1986).

90. Sidell, N., Schlichter, L. C., Wright, S. C., Hagiwara, S., and Golub,
S. H. Potassium channels in human NK cells are involved in dis-
crete stages of the killing process. J. Immunol. 137: 1650-1658
(1986).

91. Chandy, K. G., DeCoursey, T. E., Cahalan, M. D., Mclaughlin, C.,
and Gupta, S. Voltage-gated potassium channels are required for
human T lymphocyte activation. J. Exp. Med. 160: 369-385 (1984).

92. Bosma, M., and Sidell, N. Retinoic acid inhibits Ca currents and
cell proliferation in a B lymphocyte cell line. J. Cell Physiol. 135:
317-323 (1988).

93. McCleskey, E. W., Fox, A. P., Feldman, D., and Tsien, R. W Dif-
ferent types of calcium channels. J. Exp. Biol. 124: 177-190 (1986).

94. Matteson, D. R., and Armstrong, C. M. Properties of two types of
calcium channels in clonal pituitary cells. J. Gen. Physiol. 87:
161-182 (1986).

95. Coggeshall, M. K., and Cambier, J. C. B cell activation. VI. Effects
of exogenous diglyceride and modulators of phospholipid metabo-
lism suggest a central role for diacylglycerol generation in trans-
membrane signalling by IgM. J. Immunol. 134: 101-107 (1985).

96. Greene, L. A., and Shooter, E. M. The nerve growth factor: Bio-
chemistry, synthesis and mechanism of action. Annu. Rev. Neu-
rosci. 3: 353-402 (1980).

97. Levi-Montalcini, R. The nerve growth factor 35 years later. Science
237: 1154-1162 (1987).

98. Kumar, S., Steward, J. K., Waghe, M., Pearson, D., Edwards, D. C.,
Fenton, E. L., and Griffith, A. H. The administration of the nerve
growth factor to children with widespread neuroblastoma. J. Pedi-
atr. Surg. 5: 18-22 (1970).

99. Haskell, B. E., Stach, R. W., Werrbach-Perez, K., and Perez-Polo,
J. R. Effect of retinoic acid on nerve growth factor receptors. Cell
Tissue Res. 247: 67-73 (1987).

100. Sonnefeld, K. H., and Ishii, D. N. Nerve growth factor effects and
receptors in cultured human neuroblastoma cell lines. J. Neurosci.
Res. 8: 375-391 (1982).

101. Perez-Polo, J. R., Werrbach-Perez, K., and Tiffany-Castiglioni, E.
A human clonal cell line model of differentiating neurons. Dev. Biol.
71: 341-355 (1979).

102. Perez-Pblo, J. R., Reynolds, C. P., Tlffany-Castiglioni, E., Ziegler, M.,
Schulze, I., and Werrbach-Perez, K. NGF effects on human neu-
roblastoma lines: A model system. In: Proteins in the Nervous Sys-
tem: Structure and Function (B. Haber, J. R. Perez-Polo, and J. D.
Coulter, Eds.), Alan R. Liss, New York, 1982, pp. 285-302.

103. Kuramoto, T., Werrbach-Perez, K., Perez-Polo, J. R., and Haber, B.
Membrane properties of a human neuroblastoma. II. Effects of
differentiation. J. Neurosci. Res. 6: 441-449 (1981).

104. West, G. J., Iki, J., Herschman, H. R., and Seeger, R. C. Adrener-
gic, cholinergic and inactive human neuroblastoma cell lines with
the action-potential Na ionophore- Cancer Res. 37: 1372-1376 (1977).

105. Jensen, L. M. Phenotypic differentiation of aphidicolin-selected hu-
man neuroblastoma cultures after long-term exposure to nerve
growth factor. Dev. Biol. 120: 56-64 (1987).

106. Schulze, I., and Perez-Polo, J. R. Nerve growth factor and cyclic
AMP: Opposite effects on neuroblastoma-substrate adhesion. J.
Neurosci. Res. 8: 393-411 (1982).

107. Burstein D. E., and Greene, L. A. Evidence for both RNA-
synthesis-dependent and independent pathways in stimulation of
neurite outgrowth by nerve growth factor. Proc. Natl. Acad. Sci.
(U.S.) 75: 6059-6063 (1978).

108. Richter-Landsberg, C., and Jastorff, B. The role ofcAMP in nerve
growth factor-promoted neurite outgrowth in PC12 cells. J. Cell
Biol. 102: 821-826 (1986).

109. Boonstla, J., Moolenaar, W. H., Harrison, P. H., Moed, P., Vander-
Saag, P. T., and deLaat, S. W Ionic responses and growth stimu-
lation induced by nerve growth factor and epidermal growth fac-
tor in rat pheochromocytonia (PC12) cells. J. Cell Biol. 97: 92-98
(1983).

110. Reed, J. K., and England, D. The effect of nerve growth factor on
the development of sodium channels in PC12 cells. Biochem. Cell
Biol. 164: 1153-1159 (1986).

111. Rudy, B., Kirschenbaum, B., Rukenstein, A., and Greene, L. A.



DIFFERENTIATION OF NEUROBLASTOMA 15

Nerve growth factor increases the number of functional Na chan-
nels and induces TTX-resistant Na channels in PC12
pheochromocytoma cells. J. Neurosci. 7: 1613-1625 (1987).

112. Cohan, C. S., and Kater, S. B. Generation of action potentials sup-
presses neurite elongation in isolated identified neurons. Soc. Neu-
rosci. 11:177 (Abstr. 57.12) (1985).

113. Chou, J. Y., Robinson, J. C., and Wang, J. Effects of sodium butyrate
on synthesis of human chorionic gonadotropin in trophoblastic and
nontrophoblastic tumors. Nature 268: 545-544 (1977).

114. Kim, Y S., Tsao, D., Siggiqi, B., Whitehead, J. S., Arnstein, P., Ben-
net, J., and Hicks, J. Effect of sodium butyrate and dimethyl sul-
foxide on biochemical properties of human colon cancer cells. Can-
cer 45: 1185-1192 (1980).

115. Leder, A., and Leder, P. Butyric acid, a potent inducer of erythroid
differentiation in cultured erythroleukemic cells. Cell 5: 319-322
(1976).

116. Prsad, K N. Differentiation of neuroblastoma cells in culture- Biol.
Rev. 50: 129-265 (1975).

117. Prasad, K. N. X-ray-induced morphological differentiation of mouse
neuroblastoma cells in vitro. Nature 234: 471-474 (1971).

118. Kyritsis, A., Joseph, G., and Chader, G. J. Effects of butyrate,
retinol and retinoic acid on human Y-79 retinoblastoma cells grow-
ing in monolayer cultures. JNCI 73: 649-654 (1984).

119. Kruh, J. Effects of sodium butyrate, a new pharmacological agent,
on cells in culture. Mol. Cell Biochem. 42: 65-82 (1982).

120. Hall, J. M., and Cole, R. D. Modulation in proportions ofHi histone
subfractions by differential changes in synthesis and turnover dur-
ing butyrate treatment of neuroblastoma cells. Biochemistry 24:
7765-7771 (1985).

121. Spremulli, E. N., and Dexter, D. L. Polar solvents: A novel class
of antineoplastic agents. J. Clin. Oncol. 2: 227-241 (1981).

122. Rowinsky, E. K., Ettinger, D. S., McGuire, W. P., Noe, D. A.,
Grochow, L. B., and Donehower, R. C. Prolonged infusion of hex-
amethylene bisacetamide: A phase I and pharmacological study.
Cancer Res. 47: 5788-5795 (1987).

123. Reuben, R. C., Rifkind, R. A., and Marks, P. A. Chemically induced
murine erythroleukemic differentiation. Biochim. Biophys. Acta
605: 325-346 (1980).

124. Collins, S. J., Bodner, A., and Ting, R. Induction of morphological
and functional differentiation ofhuman promyelocytic leukemia cells
(HL-60) by compounds which induce differentiation of murine leuke-
mia cells. Int. J. Cancer 25: 213-218 (1980).

125. Rabson, A. S., Stern, R., and Tralka, T. Hexamethylene bisaceta-
mide induces morphologic changes and increased synthesis of
procollagen in cell line from glioblastoma multiforme. Proc. Natl.
Acad. Sci. (U.S.) 74: 5060-5064 (1977).

126. Speers, N. C., Birdwell, C. R., and Dixon, F. J. Chemically induced
bidirectional differentiation of embryonal carcinoma cells in vitro.
Am. J. Pathol. 97: 563-584 (1983).

127. Danon, Y. L., and Kaminsky, E. Dimethyl sulfoxide-induced
differentiation does not alter tumorigenicity of neuroblastoma cells.
J. Neurol. Oncol 3: 43-51 (1985).

128. Faleto, D. L., Arrow, A. S., and Macara, I. G. An early decrease
in phosphatidylinositol turnover occurs on induction of Friend cell
differentiation and precedes the decrease in c-myc expression. Cell
43: 315-325 (1985).

129. Kishimoto, Kajikawa, Shiota, and Nishizuka, Y Proteolytic activa-
tion of calcium-activated phospholipid-dependent protein kinase by
calcium-dependent neutral protease. J. Biol. Chem. 258: 1156-1164
(1983).

130. Pincus, S. M., Beckman, B. S., and George, W. J. Inhibition of
dimethylsulfoxide induced differentiation in Friend erythroleu-

kemic cells by diacylglycerols and phospholipase C. Biochem. Bi-
ophys. Res. Comm. 125: 491-499 (1984).

131. Castagna, M., Takai, Y, Kaibachi, K., Sano, K., Kalekawa, U., and
Nishizuka, Y. Direct activation of calcium activated, phospholipid
dependent protein kinase by tumor promoting phorbol esters. J.
Biol. Chem. 257: 7847-7851 (1982).

132. Pahlman, S., Odelstad, L., Larsson, E., Grotte, G., and Nilsson, K.
Phenotypic changes of human neuroblastoma cells in culture in-
duced by 12-O-tetradecanoyl-phorbol-13-acetate. Int. J. Cancer 28:
583-589 (1981).

133. Ruusala, A.-I., Mattsson, M., Esscher, T., Abrahamsson, L., Jer-
gil, B., and Pahlman, S. 12-O-tetradecanoyl-phorbol-13-acetate-
induced differentiation of human neuroblastoma cells is not asso-
ciated by an increase in the intracellular concentration of cyclic
AMP Dev. Brain Res. 18: 27-35 (1985).

134. Pahlman, S, Ruusala, A.-I., Abrahamsson, L., Mattsson, M. E. K.,
and Esscher, T. Retinoic acid-induced differentiation of cultured hu-
man neuroblastoma cells: A comparison with phorbolester-induced
differentiation. Cell Differ. 14: 135-144 (1984).

135. Scott, I. G., Akerman, K. E. O., Heikkila, J. E., Kaila, K., and
Andersson, L. C. Development of a neural phenotype in differen-
tiating ganglion cell-derived human neuroblastoma cells. J. Cell
Physiol. 128: 285-292 (1986).

136. Hsie, A. W., and Puck, T. T. Morphological transformation of Chi-
nese hamster cells by dibutyryl adenosine 3,5'-monophosphate and
testosterone. Proc. Natl. Acad. Sci. (U.S.) 68: 358-301 (1971).

137. Johnson, G. S., Friedman, R. M., and Pastan, I. Restoration of
several morphological characteristics of normal fibroblasts in sar-
coma cells treated with adenosine -3,5'-cyclic monophosphate and
its derivatives. Proc. Natl. Acad. Sci. (U.S.) 68: 425-429 (1971).

138. Prasad, K. N. Differentiation of neuroblastoma cells in culture. Biol.
Rev. 50: 129-265 (1975).

139. Rupniak, H. T., Rein, G., Powell, J. F., Ryder, T. A., Carson, S.,
Povey, S, and Hill, B. T. Characteristics of a new human neuroblas-
toma cell line which differentiates in response to cyclic adenosine
3':5'-monophosphate. Cancer Res. 44: 2600-2607 (1984).

140. Imashukii, S., Sugano, T., Fujiwara, K., Tbdo, S., Ogita, S., and
Goto, Y Intra-aortic prostaglandin El infusion in maturation of
neuroblastoma. Experientia 38: 932-933 (1982).

141. Helson, L. Investigational chemotherapy of neuroblastoma. J. Fl.
Med. Assoc. 66: 284-287 (1979).

142. Walsh, D. A., and Ashby, C. D. Protein kinases: Aspects of their
regulation and diversity. Recent Prog. Horm. Res. 29: 329-359
(1973).

143. Beavo, J. A., Bechtel, P. J., and Krebs, E. G. Mechanisms of con-
trol for cAMP dependent protein kinase from skeletal muscle. Adv.
Cyclic Nucleotide Res. 5: 241-255 (1975).

144. Slungaard, A., Confer, D. L., and Schubach,W H. Rapid transcrip-
tional down-regulation of c-myc expression during cyclic adenosine
monophosphate-promoted differentiation of leukemic cells. J. Clin.
Invest. .79: 1542-1546 (1987).

145. McCachren S. S. Jr., Nichols, J., Kaufman, R. E., and Niedel, J. E.
Dibutyryl cyclic adenosine monophosphate reduces expression of
c-myc during HL-60 differentiation. Blood 68: 412-416 (1986).

146. Hamill, 0. P., Marty, A., Neher, E., Sakmann, B., and Sig-
worth, F. J. Improved patch-clamp techniques for high-resolution
current recording from cells and cell-free membrane patches.
Pflugers Arch. 391: 85-100 (1981).

147. Fukushima, Y., and Hagiwara, S. Voltage-gated Ca channel in
mouse myeloma cells. Proc. Natl. Acad. Sci. (U.S.) 80: 2240-2242
(1983).


